In utero exposure to ⌬ 9 -tetrahydrocannabinol (⌬ 9 -THC), the active component from marijuana, induces cognitive deficits enduring into adulthood. Although changes in synaptic structure and plasticity may underlie ⌬ 9 -THC-induced cognitive impairments, the neuronal basis of ⌬ 9 -THC-related developmental deficits remains unknown. Using a Boyden chamber assay, we show that agonist stimulation of the CB 1 cannabinoid receptor (CB1R) on cholecystokinin-expressing interneurons induces chemotaxis that is additive with brain-derived neurotrophic factor (BDNF)-induced interneuron migration. We find that Src kinase-dependent TrkB receptor transactivation mediates endocannabinoid (eCB)-induced chemotaxis in the absence of BDNF. Simultaneously, eCBs suppress the BDNF-dependent morphogenesis of interneurons, and this suppression is abolished by Src kinase inhibition in vitro. Because sustained prenatal ⌬ 9 -THC stimulation of CB1Rs selectively increases the density of cholecystokinin-expressing interneurons in the hippocampus in vivo, we conclude that prenatal CB 1R activity governs proper interneuron placement and integration during corticogenesis. Moreover, eCBs use TrkB receptor-dependent signaling pathways to regulate subtype-selective interneuron migration and specification.
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corticogenesis ͉ drug abuse ͉ neurotrophin E ndogenous cannabinoids, such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG), modulate synaptic plasticity by the retrograde control of neurotransmitter release (1) . Accordingly, a compartmentalization of endocannabinoid (eCB) synthesis and action has been demonstrated in adult brain (1) (2) (3) . eCBs are predominantly synthesized in dendritic compartments and signal through presynaptic G i/o protein-coupled CB 1 cannabinoid receptors (CB 1 Rs) (4) (5) (6) . The adult phenotype of cannabinoid systems is achieved through a series of developmentally regulated events culminating in high CB 1 R expression on cholecystokinin (CCK)-containing GABAergic interneurons (CB 1 R ϩ cells) in the hippocampus and neocortex (3, 5, 6) .
Recent studies have demonstrated the existence of functional CB 1 Rs in developing cortical neurons (7) . A coincidence of eCB synthesis and release and CB 1 R activation within axonal growth cones was postulated to provide an eCB-driven reinforcement loop that regulates axonal growth and guidance (8) . Although the functional significance of CB 1 Rs during assembly of cortical neuronal circuitries is unknown, their developmental impact is illustrated by long-lasting cognitive, motor, and social disturbances in offspring exposed prenatally to cannabis (9, 10) .
The majority of cortical interneurons are derived from extracortical precursor pools and undergo long-distance migration before inhabiting specific cortical layers (11, 12) . Interneuron specification is in part governed by epigenetic cues within the neocortex, including brain-derived neurotrophic factor (BDNF) (12) (13) (14) . Considering that pyramidal cells in the juvenile neocortex harbor the capacity of eCB synthesis and release (15), we hypothesized that eCBs can act as target-derived factors regulating interneuron migration and morphogenesis during embryonic development.
By sorting CB 1 R ϩ interneurons, we show that AEA acts as chemoattractant and regulates interneuron migration by TrkB receptor transactivation. However, prolonged AEA exposure antagonizes the BDNF-induced differentiation of cortical interneurons. We also demonstrate that neuronal differentiation is associated with the simultaneous recruitment of CB 1 Rs and TrkB receptors to axon terminal segments of developing CB 1 R ϩ interneurons. Coincident targeting of these receptors establishes a spatially segregated signaling platform where eCBs induce the assembly of CB 1 R͞TrkB complexes. These findings provide evidence on the physiological role of eCBs during cortical development. Increased density of hippocampal CCK ϩ interneurons after prenatal ⌬ 9 -tetrahydrocannabinol (⌬ 9 -THC) treatment reveals that overactivation of CB 1 Rs on developing neurons can affect their postnatal positioning and suggests that interfering with eCB signaling during embryogenesis can prevent the proper patterning of cortical neuronal networks.
Electrophysiology. Electrical signals in whole-cell configuration were recorded as described in ref. 14. CB 1 R ϩ neurons on coverslips were washed in DMEM before measurements. Input resistance plots were constructed after incrementing somatic current injections. The GABAergic nature of spontaneous inhibitory postsynaptic currents (sIPSCs) was determined by stepwise depolarization of the recorded cell (Ϫ70 to ϩ20 mV) with 20 mM Cl Ϫ in the pipette solution. The GABA A receptor antagonist(ϩ)-bicuculline (Tocris Cookson) was applied at 1 M in the extracellular solution for 5 min, and sIPSC recordings were performed at Ϫ70 mV holding potential.
Immunocytochemistry and Morphometry. Immunolabeling of freefloating sections of adult Sprague-Dawley rats and cell cultures was performed as described in ref. 14 with the following primary antibodies: rabbit anti-CB 1 R (C-terminal, 1:500), goat anti-CB 1 R (C-terminal, 1:500), rabbit anti-fatty-acid amide hydrolase (1:1,000), mouse anti-nonphosphorylated neurofilament (1:1,000; SMI-32, Affinity Research Products, Exeter, U.K.), mouse anti-GAD65͞67 (GAD, glutamic acid decarboxylase; 1:1,000; Stressgen Biotechnologies, Victoria, Canada), mouse anti-␤-III-tubulin (1:500, Promega), rabbit anti-vesicular GABA transporter (1:500; Synaptic Systems, Goettingen, Germany), and mouse anti-TrkB receptor (1:500, BD Biosciences). Immunoreactivities were visualized with carbocyanine 2-and 3-conjugated secondary antibodies (1:200 in 2% BSA; Jackson ImmunoResearch). F-actin was revealed by Alexa Fluor 546-tagged phalloidin (Molecular Probes). After staining with 0.5% 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetra-methylindocarbocyanine perchlorate (Molecular Probes) for 20 min, images were captured with a laser-scanning microscope (LSM510, Zeiss). Neurite growth was studied at 6 days in vitro (DIV) with NEURONJ.
Chemotaxis Assay. BDNF and AEA (ϫ10 6 diluted stock in ethanol) were added to the lower wells of Boyden chambers, whereas 0.1 M 
Cookson), and 0.1 M PP2 were applied in the upper chambers of a 96-well microplate (ChemoTx System, NeuroProbe, Gaithersburg, MD). CB 1 R ϩ interneurons (5,000 cells per well) were added to the upper chamber and allowed to migrate through polycarbonate filters (8-m pore size) for 16 h at 37°C. Cells that accumulated in the bottom chambers were fixed, stained with cresyl-violet, and counted on the entire floor surface.
Cell Transfection. nnr5 PC12-TrkB cells stably transfected with a TrkB cDNA (18) were transiently cotransfected with a pcDNA3 plasmid containing the full-length rat CB 1 R sequence fused with the hemagglutinin epitope and a 5Ј preprolactin signal sequence. Forty-eight hours later, the cells were serum-starved overnight. Stimulation with BDNF, AEA, and 2-AG (both from ϫ10 6 diluted stock in ethanol) was performed for the indicated periods. AM251 was applied for 60 min before exposure to AEA or 2-AG.
Immunoprecipitation and Western Blotting. Protein samples were analyzed as described in ref. 14. Western blotting of BDNF from culture media was performed by using rabbit anti-human BDNF antibody (1:1,000, Promega) according to established protocols (19) . Immunoprecipitation was performed on interneurons at 3 DIV (20) . Primary antibodies were mouse anti-TrkB receptor (1:1,000, BD Biosciences), rabbit anti-CB 1 R (C-terminal 15 amino acid residues, 1:1,000), mouse anti-hemagglutinin (1:1,000; Covance, Richmond, CA), mouse anti-phosphotyrosine (1:1,000; PY-99, Santa Cruz Biotechnology), phospho-Src kinase (1:1,000; Tyr-416, Cell Signaling Technology), and rabbit anti-Src kinases (1:2,000; c-Src, Santa Cruz Biotechnology). Blots were scanned in a Storm 840 fluorimager and quantified with IMAGEJ 1.32j. Changes in phosphorylation states were expressed as folds of the untreated control value. In situ hybridization was performed as described in ref. 21 . Cell counts and densitometry were performed on the entire hippocampal surface in serial sections (at coordinates Ϫ2.80 to Ϫ4.3 mm relative to bregma). After determining the surface area, cell numbers and hybridization signal density were expressed as millimeters squared and disintegrations per minute per milligram of tissue, respectively.
Statistics. Data in pharmacological experiments were evaluated by using ANOVA with Bonferroni's post hoc test. Group comparisons were performed with Student's t test. A P value of Ͻ0.05 was considered as statistically significant. Data were expressed as means Ϯ SEM.
Results
CB1Rs Identify a Subset of GABAergic Interneurons. High CB 1 R expression on CCK ϩ interneurons throughout development and adulthood (Fig. 1A ) (3-6) prompted us to postulate that stimulation of CB 1 Rs on partially specified interneurons by eCBs is instrumental for their proper positioning and morphogenesis. To determine whether eCBs affect interneuron migration and differentiation, we generated subset-specific interneuron cultures from E19͞20 rat cortices by immunomagnetic sorting for the CB 1 R (13, 16). Isolated neurons (72,000 Ϯ 16,000 cells per embryo) exhibited bipolar or multipolar somatodendritic morphologies (22) and were immunoreactive for the GABA-synthesizing enzyme GAD (Ͼ96%), vesicular GABA transporter, ␤-III-tubulin, fatty-acid amide hydrolase, and CB 1 Rs (Fig. 1 B-FЈ ; see also Supporting Materials and Methods and Table 1 , which are published as supporting information on the PNAS web site). CB 1 Rs were localized to axon varicosities ( Fig. 1 E and F) and growth cones (Fig. 1FЈ ) in immature interneurons and were predominant on axon terminals of mature cells (data not shown). RT-PCR confirmed the expression of CB 1 Rs, CCK, somatostatin, and neuropeptide Y mRNA transcripts by isolated neurons (Fig. 1G) , corroborating the neurochemical identity of developing CB 1 R ϩ interneurons (3) (Fig. 6C , which is published as supporting information on the PNAS web site).
CCK ϩ interneurons exhibit a predominant regular-spiking phenotype in vivo (5, 22) . Whole-cell recordings of cultured CB 1 R ϩ cells revealed irregular or regular discharge patterns (Fig. 1H ) with frequencies ranging from 22 to 54 Hz. Synapse formation paralleled the development of neuronal excitability (Fig. 6 A and B) . The reversal potential of sIPSCs was equivalent to that calculated for GABA (Ϫ48 mV, n ϭ 12) (Fig. 1I ) and verified by the GABA A receptor antagonist(ϩ)-bicuculline (100 nM)-induced block of sIPSCs (n ϭ 5) (data not shown). Collectively, our data show that selectively sorted CB 1 R ϩ interneurons acquire morphological and electrophysiological properties of CCK ϩ GABAergic interneurons.
eCBs Are Chemoattractants. The layer-specific patterning of the developing cortex is achieved by the active migration of pyramidal cells and interneurons (12) . Hence, we asked whether eCBs can induce interneuron migration. The attractive properties of AEA were analyzed in a Boyden chamber assay. We observed maximal ligand-directed migration toward a 100 nM AEA concentration (Fig. 1J ) equivalent to its calculated EC 50 value in microglia migration assays (16) . Treatment with the specific CB 1 R antagonist AM251 blocked AEA-induced chemotaxis, confirming the involvement of CB 1 R activation. CB 1 R dependency of this AEA-induced migratory response was substantiated by showing that parvalbumin (PV)-expressing interneurons lacking CB 1 Rs (14) do not migrate toward AEA gradients (Fig. 1K ). Next, we tested whether BDNF, whose receptor, TrkB, is expressed on interneurons during cortical positioning (12, 13) , induces interneuron migration (23) . BDNF significantly increased the migration of CB 1 R ϩ and PV-expressing interneurons at 50-100 ng͞ml concentrations ( Fig. 1 J and K) . Notably, AEA modulated the BDNF-induced migration of CB 1 R ϩ interneurons in an additive fashion (Fig. 1J) . Neither AEA nor BDNF induced chemokinesis upon disrupting their gradients by adding these compounds to both wells of Boyden chambers (Fig. 1J) . Our data thus demonstrate that eCBs act as chemoattractants and cooperate with BDNF signaling to control interneuron migration.
eCBs Inhibit Interneuron Differentiation. BDNF controls interneuron differentiation by triggering somatic growth, dendrite development, and synapse establishment (13, 14) . In contrast, eCBs were shown to inhibit synapse formation (24) . Hence, we studied whether eCBs affect interneuron development and interact with neurotrophin signaling by culturing CB 1 R ϩ interneurons in the presence of AEA, BDNF, or both for 6 DIV. BDNF induced significant neurite branching and elongation ( Fig. 2 A and C) . In contrast, AEA inhibited neurite extension and also attenuated the BDNF-induced growth response when applied simultaneously (Fig. 2 A, AЈ, and C) . The AEA-induced inhibition of neurite growth depended on CB 1 R activation because AM251 significantly attenuated these effects. Reduced hyperpolarization of interneuron membranes after AEA and combined treatments lent further support to the AEA-induced inhibition of interneuron differentiation (Fig. 2B) . Because AEA alone or in combination with BDNF did not affect synapse differentiation (Fig. 7 , which is published as supporting information on the PNAS web site), we conclude that eCBs act as potent inhibitors of dendrite arborization in developing interneurons.
eCBs Activate TrkB Receptors. Identification of integrated signaling responses by the formation of Trk͞G protein-coupled receptor signaling complexes (25) , and their affinity for G protein-coupled receptor-mediated receptor transactivation (26, 27) suggest that CB 1 Rs could regulate TrkB activity. Therefore, we assessed the spatial distribution of CB 1 Rs and TrkB receptors in interneurons. CB 1 Rs and TrkB receptors colocalized on axon terminal segments of developing interneurons, providing a platform for signaling interactions (Fig. 3A) . Treatment of CB 1 R ϩ interneurons with AEA induced a transient increase (at 15-30 min) in the phosphorylation of membrane-targeted, fully glycosylated TrkB receptors (Fig. 3B) . In contrast, BDNF induced direct TrkB phosphorylation as early as 5 min.
To overcome the sparseness of CB 1 R ϩ interneurons, we transiently transfected nnr5 PC12-TrkB cells (18) with the full-length rat CB 1 R (PC12 TrkB/CB1R cells). CB 1 R and TrkB receptors were found on the plasma and intracellular membranes of PC12 TrkB/CB1R cells, and their close proximity suggested their simultaneous targeting to specific membrane compartments (Fig. 8B , which is published as supporting information on the PNAS web site). The time course of AEA-induced TrkB receptor activation in PC12 TrkB/CB1R cells was comparable with that observed in primary cells, with its maximum after 30 min of stimulation (Fig. 8C) . Application of the CB 1 R antagonist AM251 eliminated TrkB activation, confirming that this mechanism was mediated by CB 1 Rs. The spatial association of the two receptor types upon CB 1 R activation together with the eCBinduced transactivation of Trk receptors presents a possibility for heterocomplex formation by CB 1 R and TrkB receptors.
Real-time quantitative PCR and Western analyses on both cortical cultures and PC12 TrkB/CB1R cells demonstrated that AEAinduced TrkB transactivation was not associated with increased BDNF expression or release from preexisting intracellular pools ( Fig. 8 A and D) . Therefore, it is unlikely that transactivation of TrkB receptors involves BDNF. revealed CB 1 Rs in immunoprecipitated fractions after AEA exposure that was indicative of the assembly of CB 1 R͞TrkB receptor complexes (Fig. 3C) . TrkB transactivation and CB 1 R͞TrkB receptor complex formation were also induced by 2-AG and inhibited by AM251 (Fig. 3D) .
Previous studies have highlighted a role for Src family kinases in TrkA and epidermal growth factor receptor transactivation (27) (28) (29) . Here, AEA-activated Src family kinases, which was reversed by the selective Src family kinase inhibitor PP2 (Fig. 3E) . Significantly, PP2-induced inhibition of Src family kinases abolished the AEAinduced activation of TrkB receptors (Fig. 3E) . Thus, our data suggest that CB 1 R-mediated TrkB receptor association and transactivation is a mechanism triggered by multiple eCBs, and the regulation of TrkB receptor activity is mediated through Src tyrosine kinases.
Physiological Significance of CB1R͞TrkB Signaling Interactions. We addressed whether eCB-induced TrkB receptor transactivation is a requirement for interneuron migration by inhibiting the Trk family of receptor tyrosine kinases. K252a (30) , applied in the upper wells of the Boyden chamber assay, effectively blocked AEA-induced interneuron migration, supporting our concept that the CB 1 Rs uses the TrkB receptor signaling system to couple to a migratory response (Fig. 4A ).
Next, we tested whether modulation of TrkB signaling affects the AEA-induced inhibition of interneuron differentiation by exposure to AEA in combination with particular inhibitors for 6 DIV (Fig. 4B) . Blockade of Src family kinases and mitogenactivated protein kinase by PP2 and PD98059, respectively, significantly enhanced neurite extension. In contrast, inhibition of phosphatidylinositol 3-kinase by LY 294002 was detrimental for neurite growth. Antagonism of phospholipase C-␥ activity (ET-18-OCH 3 ) did not affect neurite development. To address whether prolonged inhibition of CB 1 R͞TrkB receptor signaling interactions by abating Src kinase activity could revert the AEA-induced suppression of neurite growth, we exposed BDNF-primed interneurons to AEA with or without PP2. Sequential BDNF and AEA͞PP2 treatments triggered neurite formation, mimicking the effects of continuous BDNF treatment (Fig. 4 C and CЈ) . Collectively, our data show that eCBs suppress neurite development of cortical interneurons by preferentially affecting Src family kinase-mediated signaling pathways. To provide a proof of concept for the putative role of CB 1 R signaling during CNS development, we tested whether prenatal ⌬ 9 -THC treatment affects the packing density of CCK-expressing interneurons in the early postnatal hippocampus. We detected CCK expression by in situ hybridization after ⌬ 9 -THC treatment that mimicked the effects and pharmacokinetic profile of marijuana smoking in humans (31) . ⌬ 9 -THC significantly increased the density of CCK ϩ cells and putative interneurons in the strata radiatum, lacunosum-moleculare of the CA1-CA3 subfields ( Fig. 5A and B) , and the hilar region. Unchanged preproenkephalin mRNA transcript levels, known to reveal CB 1 R-negative interneurons (3), suggest that ⌬ 9 -THC effects predominate on hippocampal interneuron subsets that constitutively express CB 1 Rs. We concluded that prenatal ⌬ 9 -THC exposure can hamper interneuron positioning during corticogenesis. 
Discussion
Cortical interneurons are derived from nonoverlapping segments of the ganglionic eminences (11, 12) , migrate tangentially, and populate cortical laminae in an inside-out pattern (12) . Although an array of attractant and repellent signals, including neuroregulins, Slit1͞2, and semaphorins, direct long-distance interneuron migration (12, 32) , little is known about intrinsic microenvironmental factors that determine the proper placement and phenotypic differentiation of particular interneuron subtypes.
BDNF, selectively expressed and secreted by pyramidal cells, is a differentiation signal for GABAergic interneurons (12) (13) (14) . However, it is unlikely that BNDF is the sole determinant of interneuron specification. Given that (i) eCBs are synthesized throughout development (33) , (ii) CB 1 Rs are localized on neuronal growth cones (8) , (iii) CB 1 R expression in the neocortex undergoes a striking restriction during the early postnatal period (3), and (iv) prenatal exposure to marijuana hampers cognitive performance (9, 10), we reasoned that modulation of CB 1 R signaling could determine interneuron placement and morphology and the assembly and plasticity of neuronal networks.
To define developmental processes regulated by CB 1 R signaling upon stimulation with exogenous or endogenous agonists, we sorted CB 1 R ϩ interneurons from embryonic cortices. We identified eCBs as chemoattractants for CB 1 R ϩ but not PV ϩ interneurons. Significantly, K252a, a selective inhibitor of Trk tyrosine kinases receptors (30) , abolished the AEA-induced migratory response. These observations establish a signaling interaction between CB 1 Rs and TrkB receptors and show that eCBs use the TrkB receptor signaling system to evoke interneuron migration. Considering that BDNF-induced TrkB activation exhibits a rapid time-course and AEA-induced TrkB phosphorylation occurs later, similar to other reported G protein-coupled receptor agonists (26), we concluded that sustained activation of TrkB receptors via temporally distinct signaling mechanisms provides a basis for the additive effects of BDNF and AEA when inducing the chemotaxis of interneurons.
The interaction of CB 1 R and TrkB signaling appear to be localized to defined membrane compartments (34) . This hypothesis is supported by the assembly of CB 1 R͞TrkB receptor complexes. In addition, activation of Src family kinases was required for TrkB receptor activation upon agonist stimulation of CB 1 Rs. These findings provide a cellular platform for the eCB-induced activation event of TrkB receptors.
Next, we addressed whether eCBs affect the morphological specification of CB 1 R ϩ interneurons. AEA potently inhibited neurite extension by a CB 1 R-mediated mechanism, because AM251 blocked the AEA-induced growth arrest. In contrast, BDNF increased neurite growth and branching (12) (13) (14) 35) . Notably, AEA eliminated the BDNF-induced differentiation response. To understand signaling mechanisms conferring the effects of AEA on neurotrophin-induced neurite development, we used selective inhibitors of kinases (Src family, phosphatidylinositol 3-kinase, mitogen-activated protein kinase kinase, and phospholipase C-␥) known to mediate developmental effects of TrkB receptor activation. Inhibition of Src and mitogen-activated protein kinase kinases induced significant neurite elongation and branching in the presence of AEA. In contrast, phosphatidylinositol 3-kinase inhibition potentiated the AEA-induced diminution of neurite growth. Phospholipase C-␥ kinases did not appear to be involved in the AEAinduced inhibition of neurite development. The opposite effects of AEA and BDNF on neurite extension suggest that temporally and spatially distinct signaling events mediated by CB 1 Rs and TrkB receptors (36) with a central role for Src kinase-induced downstream signaling (37) , rather than receptor transactivation, may provide the underlying mechanism.
Our results expose a role for eCBs during CNS development. Specifically, eCBs provide a mechanism for the cellular control of interneuron migration and differentiation by regulating neurotrophin actions. We propose that the placement of interneurons migrating in the neocortex is determined by the temporal availability of target-derived eCBs and neurotrophins. Once proper positioning is acquired, the extension of the dendritic tree is directed by neurotrophins under the regulatory drive of eCBs. Notably, these pathways appear to be significant to the development of cortical neuronal networks, for which a balance of eCB and neurotrophin signaling seems essential for the establishment of inhibitory components. However, interfering with the delicate balance of eCB signaling even with low concentrations of ⌬ 9 -THC during embryogenesis triggered aberrant patterning of CCK͞ CB 1 R-expressing interneurons in the early postnatal hippocampus. The notion that ⌬ 9 -THC significantly affects this principal subset of perisomatic inhibitory basket cells (38) suggests that an altered inhibitory drive on pyramidal cells triggers discordant excitatory output from hippocampal neuronal circuitries (2, 10) .
